Degenerate Fermi Gases of Ytterbium 
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An evaporative cooling was performed to cool the fermionic ^'^^Yb atoms in a crossed optical 
dipole trap. The elastic collision rate, which is important for the evaporation, turns out to be 
large enough from our study. This large collision rate leads to efficient evaporation and we have 
successfully cooled the atoms below 0.6 of the Fermi temperature, that is to say, to a quantum 
degenerate regime. In this regime, a plunge of evaporation efficiency is observed as the result of the 
Fermi degeneracy. 

PACS numbers: 03.75.Ss, 32.80.Pj, 34.50.-s 



Ultracold fermionic gases have been extensively stud- 
ied for recent years from the first realization of degenerate 
Fermi gases of ''°K j^]. The degenerate atoms are 
also obtained by sympathetic cooling with ^^Rb atoms 
0- Besides, a gas of ^Li atoms was cooled to degen- 
eracy by synipathetic cooling with bosonic isotope ''Li 
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and a two-spin-state mix- 
ture in optical dipole trap These degenerate atom 
clouds were applied to investigation into the crossover be- 
tween Bardeen-Cooper-Schrieffer superfluidity and Bose- 
Einstein condensation (B EC) of molecules, resulting in 
remarkable progress 0, 0, |0 Q| . In systems of the de- 
generate Fermi gases in an optical lattice, a variety of 
interesting experiment such as fermionic Bloch oscilla- 
tions ^2 ^"^d observation of Fermi surfaces ^3 ^'^s 
poted. So far, the achieved degenerate Fermi gases are 
limited only to the two atom species, ^Li and '^''K 
because there is no other stable fermionic isotope in the 
alkali atoms, for which cooling techniques have been es- 
tablished. Fermi degeneracy of other atoms which may 
have quite different nature from alkali atoms can open 
out unique possibilities for studies on the ultracold Fermi 
gases. 

Rare-earth atoms of Ytterbium (Yb) have a unique 
advantage in studying Fermi gases because there exist 
two stable fermionic isotopes, whose natural abundance 
is more than ten percents: ^^^Yb (14.3 %) and ^^"^Yb 
(16.1 %) with nuclear spin / = 1/2 and / — 5/2, respec- 
tively. We can perform experiment on Fermion-Fermion 
mixture by using these two isotopes. There are also five 
bosonic isotopes, which provides us with various possi- 
bilities of sympathetic cooling pair with favorable colli- 
sion properties and degenerate Boson- Fermion mixtures. 
Furthermore, unique features coming from the electron 
structure, which is similar to the alkaline-earth atoms, 
enable us to perform unique techniques and important 
applications. See Fig. ^ First, no electron spin in the 
ground state leads to less decoherence caused by stray 
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FIG. 1: Energy levels of Yb atoms. The inset shows the 
hyperfine structure of ^Pi state. The wavelengths of the lasers 
for cooling, trapping, and probing are also represented. 



magnetic field. Second, an ultra-narrow transition of 
^So— '^Pq (the natural linewidth ~ 10 mHz uM), which 
is an excellent candidate for an atomic clock |l5l \l6] and 
was precisely observed with an uncertainly of 4.4 kHz 
[l7j , enables us to detect a weak energy difference such as 
pairing gap of Fermi superfluidity. Third, the metastable 
■^P2 state has a large magnetic dipole moment of 3/iB 
(fiB is the Bohr magneton), resulting in a factor of 9 
larger magnetic dipole-dipole interaction than that of al- 
kali atoms, and thus studies on anisotropic superfluidity 
can be expected. Large mass is also important nature of 
Yb atoms, which leads to possibilities for interesting het- 
eronuclear molecules with large mass difference |18| . Be- 
cause of these unique properties, degenerate Fermi gases 
of Yb atoms become quite attractive. 

In this paper, we report all-optical formation of degen- 
erate fermionic ^^^Yb gases. First, laser-cooled atoms 
are transferred from a magneto-optical trap (MOT) to 
a vertically and horizontally crossed Far-off-resonance 
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trap (FORT). Reducing the trap depth of the horizon- 
tal FORT, we performed evaporative cooUng of six-spin- 
state mixture in the crossed optical dipole trap. At the 
final stage of evaporation, where the trap depth is a fac- 
tor of 300 times less than initial one, the temperature 
of atom clouds is about half of the Fermi temperature. 
Besides the cooling of ^^^Yb atoms, we also investigated 
a scattering property between different spin components 
of ^^'^Yb atoms, because the scattering length is one of 
the most important parameter in the study of ultracold 
dilute atoms. 

The experiments are performed with essentially the 
same setup previously used to achieve ^'''^Yb BEG 
First, the Yb atoms are decelerated by the Zeeman 
slower with the strong transition (^Sq — ^Pi, Fg = 5/2 
Fe = 7/2, 399 nm) and then cooled and collected by 
the MOT with the intercombination transition (^Sq— '^Pi, 
Fg = 5/2 F^^ 7/2, 556 nm) as shown in Fig. [T] 
The MOT beam is generated by a dye laser whose fre- 
quency is narrowed less than 100 kHz (the linewidth of 
the "'^Sq— ■'Pi transition r/27r is 182 kHz) and stabilized 
by Ultra-Low Expansion cavity, whose stability is typi- 
cally less than 20 Hz/s. The intensity of each MOT beam 
is typically 60/s {Is is a saturation intensity of ^Sq— '^Pi 
transition and /s=0.14 mW/cm^) and the detuning is 
7r. The loading time for the MOT is typically 30 sec- 
onds, which enables us to prepare 2 x 10^ ^^^Yb atoms 
in the MOT. 

The intensity of MOT beam is decreased to efficiently 
transfer the atoms from the MOT to the FORT. In the 
case of ^^^Yb, which has no electronic and nuclear spin in 
the ground state, the intensity is decreased down to 5/s 
in our system, which results in the temperature for the 
MOT clouds of about 50 fiK. However, ^^'^Yb has nuclear 
spin 1=5 /2 and effective radiation pressure of MOT beam 
is smaller due to optical pumping effect jij. So in this 
experiment of -'^'^'^Yb, the intensity is lowered to 25/s. 
The temperature of ^"^^Yb in the MOT is 15 and this 
is low compared with ^^^Yb MOT because sub-Doppler 
cooling mechanism works . 

The laser-cooled atoms are transferred to a crossed 
FORT which consists of horizontal and vertical beams. 
The beams are independently produced by two 10 W 
diode-pumped solid-state lasers at 532 nm and the 1/e^ 
beam radii at the crossed point are 15 /xm (horizon- 
tal beam) and 24 /xm (vertical beam). The initial trap 
depths are 620 (horizontal) and 30 fiK (vertical), so 
2 X 10^ atoms at 100 fj,K are trapped mainly in the hor- 
izontal FORT, whose radial and axial trapping frequen- 
cies at full power are 3.6 kHz and 30 Hz, respectively. 
The radial trapping frequency is measured by paramet- 
ric resonance methods The Fermi temperature of 
the trapped atoms is about 5 ^K, where we assume that 
6 spin-components are equally distributed because ^ ''^Yb 
atoms in the ground state have no electron spins and the 
effect from a magnetic field is small. 



We measure atom numbers and temperatures using 
absorption imaging technique. The trapping beams are 
turned off within less than several hundreds of ns and 
time-of-flight (TOF) time later the released gas is illumi- 
nated by a linearly polarized probe beam pulse resonant 
with ^So-^Pi (Fg = 5/2 F^ = 7/2) transition prop- 
agating along the direction of 0.9-Gauss magnetic field. 
The intensity of the beam is 0.02 Is, where Is is the 
saturation intensity, and the pulse duration is 100 /iS, 
which is much longer than the absorption cycle of 550 ns 
at this intensity. It should be noted that the transition 
rate is different for each spin component and thus a total 
absorption rate generally depends on the distribution of 
the spin components. However, it turned out from nu- 
merical calculations based on the rate equation that, in 
the case of our condition, the total absorption rate is the 
same within 2% for any initial spin distribution because 
of the rapid redistribution due to the optical pumping 
effect of the probe beam, which enables us to determine 
the total number of atoms exactly, without knowing the 
population of each component. 

To perform the evaporation efhciently, large elastic col- 
lision rate is necessary. They are well described as a few 
partial waves at low temperatures because, when temper- 
atures are much less than the threshold energy EthiJ) for 
a given partial wave I (and there is not a shape resonance 
O I25I H^), the collisions associated with the partial 
wave of higher than I are negligible. This threshold en- 
ergy can be approximately determined by the centrifugal 
barrier and the van der Waals potential of Cq/R^ , 

where /i is the reduced mass. In the case of fermionic 
atoms, we can consider only the s-wave scattering be- 
tween nonidentical fermions at the temperatures much 
less than the p-wave threshold energy Eth{l = 1) be- 
cause the s-wave scattering between identical atoms is 
zero from Fermi-Dirac statistics. Therefore, the s-wave 
scattering length between nonidentical atoms plays an 
important role at the final stage of evaporation toward 
the degenerate Fermi gases, and so we carried out the 
cross-dimensional rethermalization technique to deduce 
the scattering length [2^ . 

Assuming the coefficient of the van der Waals Ce = 
1000 a.u. [23, the p-wave threshold energy is about 60 
/iK. Therefore the measurement of rethermalizing pro- 
cess is performed at 6 /iK, where the s-wave scattering is 
dominant unless there exists a p-wave shape resonance. 
Typically 1.2 x 10"' atoms at 6 /iK are prepared in the 
crossed FORT and then a 40% amplitude modulation of 
800 Hz, twice the trapping frequency of one horizontal 
direction, is applied to the power of the vertical FORT 
during 5ms, which causes heating along that direction. 
Following the modulation, thermal relaxation is observed 
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FIG. 2: Rethermalization process after anisotropic heating of 
the atom cloud. We caused heating along horizontal direction 
and observed rethermalization process as the time evolution 
of temperatures in the horizontal and vertical directions. The 
rethermalization time r is 4 ms. 

as the time evolution of temperatures in the horizontal 
and vertical directions (Fig. 12). An exponential fit to the 
data extract a rethermalization time t — A ± 1 ms. To 
confirm the relaxation is not due to anharmonic mixing, 
we have also applied this technique with the same config- 
uration of the FORT for ^^^Yb atoms, whose scattering 
length is not large (2£]. The result for the ^^^Yb atoms 
is that the rethermalization time is observed to be longer 
than 50 ms, which means that the relaxation due to the 
anharmonicity is not less than 50 ms, therefore the anhar- 
monicity effect is negligible. In the case of ^^^Yb atoms, 
if we assume the atoms are equally populated among the 
six spin states, the rethermalization time and elastic col- 
lision cross section are related by the following equation: 
^ = ^nav, where n = J n'^{r)cPr/ J n(f)(Pr is the aver- 
age density and v = [ksT)/ {-Km) is the mean relative 
velocity with ks the Boltzmann constant and m the yt- 
terbium mass. The factor 5/6 comes from the fact that 
there are no s-wave collisions between identical spin com- 
ponents. The constant a represents how many elastic 
collisions lead to cross-dimensional rethermalization and 
turned out to be about 2.7 by the Monte Carlo simulation 
|27j . From this analysis, we have deduced the absolute 
value of the scattering length \as\ = 6 ± 2, whose error is 
mainly caused by that of the time r and the density n. 
This large scattering length allows us to cool the atoms 
to the quantum degenerate regime. 

Forced evaporative cooling is carried out by ramping 
down the intensity of the horizontal beam, while the ver- 
tical FORT power is constant. In 2 s, the potential depth 
of the horizontal FORT is reduced to 30 /iK, which is the 
same as the one of the vertical FORT, and about 8 x 10^ 
atoms are trapped in the crossed region. The tempera- 
ture is about 4 Tp, where the Fermi temperature T-p is 
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FIG. 3: Trajectory of evaporative cooling in the crossed 
FORT. The data of evaporation are shown as solid circle. The 
solid line (red) shows the evaporation trajectory with 7 = 2.4, 
which is extracted from a fit to the data of the evaporation 
above the Fermi temperature. Although the evaporation effi- 
ciency is nearly constant above the Fermi temperature Tf, it 
decreases below Tf because of the Fermi Pressure and Pauli 
blocking. The inset shows velocity distribution (solid square) 
and Thomas-Fermi fit (solid green line) with T /Tf ~ 0.5. 
Two dashed line correspond to the Fermi velocity vf ~ 5.5 
fim/ms. 

1.4 fj,K at this reduced FORT power. Further decrease 
of the horizontal FORT power results in the evaporation 
in the crossed region and the potential depth along the 
vertical direction, which is considerably affected by the 
gravity at the final stage of evaporation, is reduced be- 
low 2 /iK. A few thousands atoms remain in the trap, 
whose mean trapping frequency is 450 Hz, and the tem- 
peratures are almost half of Tp, which is typically 300 
nK. At this stage, the absorption images are fitted by a 
Thomas-Fermi distribution, which is shown in the inset 
of Fig. El 

The effect of the quantum degeneracy is observed as 
the decrease of the cooling efficiency 1]. Figure 13 shows 
the number of atoms N and the temperature renormal- 
ized by the Fermi temperature T = T/Tp at each stage 
of the evaporation. A line represents a trajectory of 
evaporation with the cooling efficiency 7 = ~ 

"^^^W) ~ ^-^J "^tiich is extracted from a fit to the data 
above the Fermi temperature. Below the Fermi temper- 
ature, the efficiency falls due to the Fermi pressure and 
the Pauli blocking . 

One strategy for the decrease in the elastic collision 
rate at the final stage of the evaporative cooling is to 
take evaporation time longer. However, we observed a 
rapid atom loss of several hundreds of ms, which is an 
obstacle to the improvement of cooling efficiency. The 
rate of background gas collisions and photon scattering 
by the FORT beams is considerably small to explain the 
loss rate. We consider the observed rapid atom loss is due 
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to three-body recombination. This is consistent with the 
fact that the three-body loss rate is proportional to , 
which becomes large for ^^^Yb whose scattering length 
is found to be large. If it is the case, we can reduce this 
rapid loss by preparing two-spin mixture using optical 
pumping, allowing us to obtain further deeply degenerate 
gases. 

In conclusion, we have succeeded in cooling fermionic 
173Y13 atoms down to 0.6 Tp, where the quantum degen- 
eracy is observed as the decrease in the evaporation effi- 
ciency. We have also studied the elastic collision rate, 
revealing that the elastic collision is large enough to 
perform efficient evaporation and the scattering length 
is about 6 nm assuming that the spin components are 
equally distributed. 

It is interesting to apply degenerate gases of ^^^Yb for 
researches on Fermi superfluidity. Although a technique 
of Feshbach resonances, which plays an important role 
in those studies, can not be used for Yb because of no 
hyperfine state in the ground state, there exists an al- 
ternative method to control the scattering length using 
photoassociations SQj, so-called optical Feshbach reso- 
nances, which is predicted to effectively work for the nar- 
row linewidth transition such as the ^Sq— "^Pi transitions 
|8ll |. The ultra-narrow ^Sq— '^Pq transition also provides 
a desirable probe for the superfluid pairing gap. In the 
future, degenerate Fermi gases of Yb atoms with these 
techniques can be a powerful tool toward outstanding 
goals in this field such as high Tc superfluidity in optical 
lattices js^ . 
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